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Abstract 
Titanate oxides with composition Ba(1-y)PbyTiO3 have been prepared by solid method. The presence of a single phase was 
confirmed by XRD. The average values of grain sizes are between 0.24 and 1.08 μm. The characterization by dielectric 
spectroscopy between 20Hz to 1GHz, reveals that εr´ presents dispersion at lower frequencies and remains constant from 
approximately 1MHz. The inclusion of low content of lead (y<0.4) in the perovskite network of BaTiO3 increases the real 
dielectric permittivity in a wide range of frequencies (from 120 Hz to 1 GHz). The greatest dielectric losses are observed for 
BaTiO3 and PbTiO3, so that the partial replacement of barium by lead improves the dielectric properties of the material. The 
imaginary versus real permittivity diagrams suggest that the electrical resistance corresponding to grain boundaries could be 
higher than that for grains. 
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1. Introduction 
During the last three decades the perovskite materials have drawn an increasing interest due to their properties 
and potential applications. The investigation of structural, morphological, electrical and physicochemical properties 
of these materials has revealed possibilities of improvement through structural modifications induced by 
compositional substitutions, ionic deficiencies (vacancies) or by introducing defects; as was suggested by many 
authors such as Pardo et al. (2011) and Pithan et al. (2005).  
One of the perovskite ceramics most widely used in the electronics industry is the barium titanate (BaTiO3), due 
to its excellent dielectric properties, which were extensively studied and described in the literature by authors such as 
Jona and Shirane (1993). This work focuses on the study of the structural, morphological and electrical properties of 
such material, with respect to modifications in the content of dopant (Pb) in the structure (Ba,Pb)TiO3. 
2. Methodology 
Oxides with composition Ba(1-y)PbyTiO3 where y = 0.0, 0.2, 0.4, 0.6 , 1.0 were prepared by the traditional solid-
state reaction method. The polycrystalline ferroelectrics were prepared by using analytical grade oxides (Sigma 
Aldrich) of BaO, TiO2 and PbO as starting materials in appropriate molar proportions and then calcined at 900 °C 
for 2 h. The resulting powders were ground and sieved so as to obtain a homogeneous grain size. By adding a small 
amount of PVA solution as binder, powders were uniaxially pressed into pellets (15mm diameter) and toroids (8mm 
external diameter and 5mm internal diameter), both with a thickness of approximately1 mm, applying a pressure of 
2ton/cm2.  All specimens were finally sintered at 950°C for 2h. 
The structural characterization of the samples was performed by Rigaku X-ray diffraction (XRD) with 
CuKDradiation( λ=1.5406 Å), in the range 2T of 10–70°. The phase formation, lattice parameters and crystal sizes 
were evaluated refining the experimental diffractograms with JCPDS patterns, using commercial softwares (Xpert®, 
Find It® and Powder Cell®). The porosities were determined by comparing the experimental densities, estimated by 
geometry, with the theoretical densities. The morphological characterization of the specimens was studied by 
scanning electron microscopy (SEM) technique (DSM 982 Gemini Zeizz), detecting electronic emissions at 
different magnifications (5kX and 25 kX). The chemical composition was evaluated using X-ray EDS technique. 
The dielectric measurements were carried out using an LRC meter GW Instek 8000G) in the range from 20Hz to 
1MHz, and an analyzer of materials (Hewlett Packard 4291A) at higher frequencies, in the range from 1 MHz to 1 
GHz. For low frequency measurements, silver paint was used as conductive material. 
3. Results and Discussion 
Fig. 1 shows the X-ray diffraction patterns of Ba(1-y)PbyTiO3 sintered at 950 °C for 2 hours. Only one phase was 
formed for all compositions (y). A priori, since no additional peaks were observed, the possibility for the segregation 
of a secondary phase is discarded. As seen in Fig. 1, with increasing lead content, an intensity variation of some 
peaks relative to barium titanate (y=0.0) is present, together with the appearance of new peaks corresponding to lead 
titanate phase (y=1.0). 
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Fig. 1. XRD patterns of Ba(1-y)PbyTiO3, sintered at 950 °C for 2 h. 
 
Fig. 2 shows the variations of unit cell parameters (a and c) with lead content. The parameters obtained are in the 
range of expected values; see for example Moriwake et al. (2011). It is observed that while lead content (y) 
increases, the a (Å) parameter decreases and the c (Å) parameter increases. These variations are coincident with the 
trends of standard JCPDS. Crystallite sizes were estimated using Scherrer formula, with the average value around 34 
nm (Table 1). 
  
Fig. 2. Variation of unit cell parameters with lead content. 
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where m is the mass (g), A is the area (cm2) and t is the thickness (cm) of the specimens. Comparing the 
experimental densities with the standard values (theoretical densities,ߜ௃஼௉஽ௌ), the porosities (P) of the samples were 
calculated according to: 
ܲ ൌ ͳ െ ߜ௘௫௣ߜ௃஼௉஽ௌ ሺʹሻ 
 
Table 1 shows the results obtained. As it is seen, ߜ௘௫௣values increase with lead content, showing good agreement 
with the trend of pattern JCPDS. The SEM images (not reported here) show that the grain size increases with the 
substitution of barium by lead in Ba(1-y)PbyTiO3, up to a maximum value for PbTiO3 (Table 1). Probably, the 
formation of larger grains is the main contribution of porosity reduction in the perovskite network. 
Table 1. Values of structural and morphological parameters. 
y δexp (g/cm3) Porosity (%) 
Crystal size (nm) 
(DRX) 
Grain size (μm) 
(SEM) 
0.0 2.7 56 30 0.24 
0.2 3.2 50 29 0.63 
0.4 4.0 38 44 0.86 
0.6 4.1 36 34 0.71 
1.0 5.1 36 33 1.08 
 
The EDS analysis (not reported here) confirms that, for all samples, the chemical composition is within the 
expected range, calculated previously to the preparation of the material. Therefore, it could be said that with the 
relatively short sintering time and the relatively low sintering temperature (below 1000°C), the partial losses of PbO 
due to volatilization were avoided, Roy-Chowdhury (1992). Thus, it was not necessary to use some atmospheric 
sources of PbO during sintering with the selected conditions. 
 
The relative dielectric permittivity (εr*) of non-ideal semiconductor materials, i.e. with losses, can be expressed 
as a complex function as: 
ߝ௥כሺ߱ሻ ൌ ߝ௥Ʋ ሺ߱ሻ െ ݆ߝ௥ƲƲሺ߱ሻሺ͵ሻ 
 
As explained by Trainotti and Fano (2003), the real component of the relative dielectric permittivity (εr´) 
represents the dispersion of the dielectric material, i.e. its variation with frequency of applied field (with which the 
medium is dispersive). The imaginary component of the relative dielectric permittivity (εr´´) is the absorption of the 
Electromagnetic wave in the dielectric medium, which dissipates heat as a function of the frequency (See Boggi et 
al. (2013)).   
Because the development of this work is aimed at characterizing dielectric properties of doped titanate materials, 
an analysis of the dielectric permittivity in a wide frequency range was carried out. To this end, the capacitances 
(Cሺ߱ሻ) and conductances (Gሺ߱ሻ) in the range from 20Hz to 1MHz were measured, modeling the system as an 
equivalent parallel-type RC circuit. Real components of relative dielectric permittivity were calculated as: 
 
ߝ௥Ʋ ሺ߱ሻ ൌ
ܥሺ߱ሻݐ
ߝ଴ܣ ሺͶሻ 
 
Where ε0 the dielectric permittivity in the free space (8.86x1014 F/cm). The conductance measurements were used 
to calculate the imaginary components of the relative permittivity as: 
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ߝ௥ƲƲሺ߱ሻ ൌ
ܩሺ߱ሻݐ
߱ߝ଴ܣ ሺͷሻ 
 
With ω=2πf (where f is the frequency in Hz) and the other parameters as were described previously. 
The real component profiles obtained from equation (4) in the range from 20 Hz to 1 MHz are shown in Fig. 3(a). 
At higher frequencies, in the range of 1 MHz to 1 GHz, these components were measured directly and the profiles 
are shown in Fig. 3(b). 
 
(a) (b) 
 
Fig. 3. Dielectric behavior of Ba(1-y)PbyTiO3, in the frequency range of: ( a) 20Hz to 1MHz, (b) 1MHz to 1 GHz. 
 
Analyzing the full measured range, from 20 Hz to 1 GHz, the permittivity profiles in frequency were consistent 
with those obtained by other researchers on similar systems, such as those reported by Jonscher (1979). Moreover, 
dielectric permittivity values obtained in the region of MHz by means of different experimental techniques agree, 
showing good confidence in the estimated values. 
The AC electric field interaction on the dielectric material induces a dipole reorientation which depends on the 
field frequency. Polarization mechanisms which are likely to take place have a certain response time, that is, there is 
a time-gap between the moment when the electric field is applied and the displacement of the loads into the material. 
The response time varies depending on the polarization mechanism. Generally, in the microwave range different 
polarization mechanisms contribute, although the orientation polarization dominates. Thus, the results obtained (Fig. 
3) show dispersion only at lower frequencies, corresponding to a dynamic behavior of orientation polarization 
(reorientation phenomenon known as relaxation ), and  then εr´ reaches almost asymptotic values due to the dipoles 
being unable to follow the high-frequency of the electric field applied . 
Lead inclusion in the barium titanate causes deformation in the perovskite network (see Fig. 1), which probably 
contributes to modify the dielectric permittivity of the material. It is observed that, for any frequency value, there is 
no trend between the εr´ values and the lead content. The fluctuations in the real permittivity with the content of 
dopant can be attributed to combined effects of lead concentration and porosity of the samples. 
For frequencies higher than 1 MHz, the permittivity components were measured directly. In the range of 
frequencies from 20Hz to 1MHz, by using the equations (4) and (5), the dielectric loss tangent (tgδε) was calculated 
as: 
ݐ݃ߜఌሺ߱ሻ ൌ
ߝ௥ƲƲሺ߱ሻ
ߝ௥Ʋ ሺ߱ሻ ሺ͸ሻ 
 
The values of dielectric loss tangent were low in the full frequency range studied. Fig. 4 shows the loss profiles 
obtained only for the lower studied frequency range. In this range the greatest losses were observed, still these 
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values were less than unity, showing that the materials have high electrical resistance. Regarding the dependence of 
tgδε with y, although variations were insignificant, the greatest losses were observed in BaTiO3 and PbTiO3 samples, 
showing that the partial substitution of barium by lead reduces the dielectric losses of the material.  
 
 
Fig. 4. Dielectric loss of Ba(1-y)PbyTiO3, in the frequency range of 20 Hz to 1 MHz. 
 
The Argand diagrams (εr´´ሺ߱ሻ against εr´ሺ߱ሻ) were compared with the estimated values of the lower frequency 
region. Because the dielectric ceramics are not homogeneous, to model their behavior should be noted their 
inhomogeneity. There are several models to represent the behavior of these materials, which were derived from 
modifications of Debye´s model; Barsoukov and Macdonald (2005). One of these models considers the material as 
the sum of two phases: one corresponding to the grains while the other corresponds to the grain boundaries. The 
diagram εr´´ versus εr´ ' of that model provides two semicircles, as shown in the Fig. 5(a), indicating the presence of 
two relaxation processes. The semicircle or arc at low frequencies corresponds to the grain boundaries, while the 
semicircle or arc at higher frequencies, to the grains. Moreover, this model can be represented by an equivalent 
electrical circuit of two RC elements in series, as is shown in the Fig. 5(b). There, the subscripts (1 and 2) of the 
resistances (R) and capacitances (C) represent properties of grain and grain boundary respectively.  
 
 
Fig. 5. Model for inhomogeneous dielectric material: (a) Diagram εr´´ሺ߱ሻ versus εr´ሺ߱ሻ and  
(b) Electrical equivalent circuit model. 
 
From the curves obtained experimentally (Fig. 6), and for any lead content, it is noted that the diagrams showed a 
similar trend to a single semi-arc. This may be because the arc corresponding to the resistance of the grain was 
masked by the probably much higher resistance values  of the grain boundaries. A plausible mechanism that 
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explains this behavior could be the occurrence of a mechanism of re-oxidation during the cooling stage of the 
ceramic. After the sintering step at the maximum temperature selected, if the time during the cooling stage is 
relatively short, it may cause inadequate oxygen diffusion into the bulk of the material, causing a limited re-
oxidation over the surface and grain boundaries, thus forming insulating layers in the grain boundaries and, in 
consequence, causing greater resistance (of several orders of magnitude) in this boundaries. The electrical resistance 
of these materials makes them promising for applications such as, for example, component phase of magnetoelectric 
materials (ME) since the high value of response time to compensate for loads would provide a high coefficient in the 
composite ME. 
 
(a) (b) 
(c) (d) 
(e) 
 
Fig. 6. Diagrams εr´´ሺ߱ሻ versus εr´ሺ߱ሻ of Ba(1-y)PbyTiO3, for different lead content (a) y=0.0, (b) y= 0.2, (c) y= 0.4, (d) y=0.6 and (e) y=1.0; 
between 20 Hz and 1 MHz. 
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4. Conclusions 
Ceramic materials with chemical composition Ba(1-y)PbyTiO3  (y = 0.0, 0.2, 0.4, 0.6, 1.0) were prepared by the 
solid method (sintered at 950 °C for 2 hours). The presence of only one tetragonal phase was confirmed for all 
compositions. The inclusion of low content of lead (y<0.4) in the network perovskite of BaTiO3 increased the real 
permittivity dielectric in a wide range of frequencies (from 120 Hz to 1 GHz). Although variations were not 
significant, the greatest losses were observed in BaTiO3 and PbTiO3 samples, showing that the partial substitution of 
barium by lead reduces the dielectric losses of the material. The εr´´ against εr´ diagrams suggest that the resistance 
corresponding to the grain boundary could be predominant. 
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